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by Group I mGluR Desensitization
respectively. The expression of these receptors in non-
neuronal cells has shown them to be negatively coupled
to cAMP formation.
mGluRs linked to PI hydrolysis desensitize in response
to a prolonged or repetitive stimulation with agonists.
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28002 Madrid Thus, the exposure of cultured cerebellar neurons to
glutamate reduces the stimulation of PI hydrolysis in-²Departamento de BioquõÂmica
Facultad de Veterinaria duced by a subsequent addition of agonist (Catania et
al., 1991). Similarly, the (1S,3R)-1-amino-cyclopentane-Universidad Complutense
28040 Madrid 1,3-dicarboxylate- (ACPD-) induced formation of DAG
in nerve terminals is also abolished by the previous expo-Spain
sure to ACPD (Herrero et al., 1994). Recently, it has been
shown that in Xenopus oocytes expressing mGluR5a
and mGluR5b, a brief exposure to glutamate caused a
Summary pronounced reduction in the hydrolysis of PI that in-
volved the PKC-mediated phosphorylation of the recep-
We have explored whether the desensitization of met- tor at multiple sites (Gereau and Heinemann, 1998).
abotropic glutamate receptors (mGluRs) coupled to Because group I mGluRs play an important role in the
phosphoinositide hydrolysis affects the role that they control of glutamate release, the desensitization of these
play in modulating glutamate release. In hippocampal receptors should have a striking effect in this process.
nerve terminals, the agonist 3,5-dihydroxyphenylgly- In nerve terminals from the cortex, the response to an
cine (DHPG) facilitated evoked glutamate release, but initial stimulation with the metabotropic agonist results
a second stimulation 5 min later reduced rather than in the facilitation of glutamate release (Herrero et al.,
facilitated release. After a 30 min interval between 1992), owing to the mGluR-induced production of DAG
stimulations, DHPG again facilitated glutamate re- and the subsequent activation of PKC (Herrero et al.,
lease. In hippocampal slices, DHPG caused an inhibi- 1994). Following receptor activation, a reversible desen-
tion of excitatory postsynaptic currents (EPSCs) re- sitization is manifested by the lack of both DAG produc-
corded from CA1 neurons. However, when the effects tion and the inability to facilitate glutamate release upon
of ambient glutamate were prevented, mGluR activa- a further exposure to the agonist. In these circum-
tion initially induced a facilitation of synaptic transmis- stances, receptor activation leads to the inhibition of
sion, followed by an inhibition. We conclude that group Ca21 entry and glutamate release (Herrero et al., 1998).
I mGluRs have a dual action on glutamate release, Although these dynamic changes have important impli-
switching from facilitatory to inhibitory upon receptor cations in synaptic physiology and neurotoxicity, they
desensitization triggered by low concentrations of glu- have never been observed in studies of synaptic trans-
tamate. mission, in which activation of group I mGluRs in the
CA1 area always results in the inhibition of excitatory
synaptic responses (Baskys and Malenka, 1991; Gereau
Introduction
and Conn, 1995; Manzoni and Bockaert, 1995). In the
present study, we have tested the hypothesis that the
In the central nervous system, glutamate release is regu-
facilitation of glutamate release induced by PI-coupled
lated by presynaptic metabotropic glutamate receptors
mGluRs is desensitized by the ambient glutamate con-
(mGluRs) coupled to different signal transduction path-
centration, which maintains the receptor permanently
ways. Molecular cloning has revealed the existence of
coupled to the inhibitory pathway. Indeed, in both the
at least eight types of mGluRs (mGluR1±mGluR8; reviewed
synaptic terminal preparation and hippocampal slices,
by Conn and Pin, 1997). Group I receptors (mGluR1 and
this facilitatory response was rescued by preventing
mGluR5) are selectively activated by 3,5-dihydroxyphe-
the agonist from occupying the receptor by including
nylglycine (DHPG), and their expression in transfected
a mGluR antagonist, probably as a result of inhibiting
cell lines has shown that their activity is coupled to
receptor desensitization.
phosphoinositide (PI) hydrolysis, giving rise to the gener-
ation of the intracellular messengers diacylglycerol (DAG)
Resultsand inositol trisphosphate. This coupling in turn results
in protein kinase C (PKC) activation and calcium mobili-
DHPG-Induced Facilitation and Inhibitionzation. In contrast, group II (mGluR2 and mGluR3) and
of Glutamate Releasegroup III (mGluR4 and mGluR6±mGluR8) are potently acti-
The depolarization of nerve terminals with the K1 chan-vated by (2S, 1'S, 2'S)-2-(carboxycyclopropyl)glycine (L-
nel blocker 4-aminopyridine (4-AP) opens voltage-gatedCCG-1) and L-2-amino-4-phosphonobutyrate (L-AP4),
Ca21 channels and induces the release of vesicular glu-
tamate in a tetrodotoxin- (TTX-) sensitive manner (Tibbs
et al., 1989). The addition of the selective group I mGluR³ To whom correspondence should be addressed (e-mail: jsprieto@
eucmax.sim.ucm.es). agonist DHPG (Schoepp et al., 1994) to nerve terminals
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Figure 1. DHPG-Induced Release Facilitation in Nerve Terminals Undergoes Desensitization and Discloses Release Inhibition
The modulation of glutamate release by group I mGluRs was determined after a first stimulation of the receptors with the agonist DHPG (100
mM) ([A], time 0). Synaptosomes preexposed to DHPG (100 mM) for 1 min were washed and then rechallenged with the agonist 5 (B) and 30
(C) min after the first stimulation. In the experiments testing the release facilitation, DHPG (100 mM) was added 5 sec prior to depolarization
of the nerve terminals with 50 mM 4-AP in the presence of arachidonic acid (2 mM). The inhibition of release by DHPG (100 mM) was estimated
in nerve terminals depolarized with 1 mM 4-AP. (D) shows the release modulation in nerve terminals first stimulated with DHPG in the presence
of 2 mM MCPG. In (E), synaptosomes were preexposed to 100 mM DHPG in the presence of 2 mM MCPG, and after washing, a second pulse
of DHPG was applied 5 min after the first one. The results are the average from 3±5 preparations of nerve terminals.
induced a 2-fold enhancement of glutamate release Figure 1E) and no inhibition of the maximal response
(96% 6 3%, n 5 3; Figure 1E). These data indicate thatevoked by a submaximal stimulus of 4-AP (224% 6
16%; mean 6 SD, n 5 5; Figure 1A). In contrast, DHPG the facilitation of glutamate release by mGluRs may be
desensitized, revealing an inhibitory response, and thatdid not alter the release evoked by maximal 4-AP stimu-
lation (106% 6 13%, n 5 3; Figure 1A). To determine this desensitization may be reversed in a time-depen-
dent manner.whether the group I mGluR involved in the facilitation
of glutamate release undergoes desensitization, hippo- To determine whether the dual action of group I mGluRs
on the control of glutamate release observed in hippo-campal nerve terminals were exposed to the agonist
DHPG (100 mM) for 1 min, and after washing, they were campal nerve terminals is relevant to synaptic transmis-
sion, we performed experiments in hippocampal slices.further exposed to a second pulse at different time inter-
vals. A second pulse of DHPG shortly after the first Excitatory postsynaptic currents (EPSCs) were evoked
by electric shocks in the Schaffer collaterals and re-stimulation failed to enhance glutamate release (5 min;
106% 6 22%, n 5 3; Figure 1B), indicating that this corded at 260 mV from identified CA1 pyramidal cells.
The amplitude of the EPSCs was rapidly and markedlyfacilitatory action of DHPG was completely desensi-
tized. Interestingly, the desensitization of the facilitatory reduced by perfusion of 100 mM DHPG (to 16.1% 6
3.5% of the control, n 5 8 neurons from 5 slices [roomresponse revealed the ability of the agonist to inhibit
the release of glutamate evoked by a high concentration temperature]; Figure 2A). This DHPG-induced inhibition
of synaptic transmission did not show any fading overof 4-AP (62% 6 16%, n 5 6; Figure 1B). Thirty minutes
after the first stimulation, the ability of the agonist to the duration of the 4 min exposure to the mGluR agonist.
The amplitude of the EPSC was partially recovered dur-potentiate the release was recovered (236% 6 7%, n 5
3; Figure 1C), and this inhibitory action lost (105% 6 ing the 3 min period allowed for washing. Previous stud-
ies of synaptic transmission in CA1 have also shown a2%, n 5 3; Figure 1C). The incubation of nerve terminals
with the mGluR antagonist (S)-a-methyl-4-carboxyphe- sustained inhibition during prolonged (5±10 min) expo-
sure to the group I mGluR agonists (Baskys and Ma-nylglycine (MCPG) (2 mM; Hayashi et al., 1994) abolished
not only the facilitation of glutamate release induced by lenka, 1991; Gereau and Conn, 1995; Manzoni and Bock-
aert, 1995). It was apparent that hippocampal slicesDHPG (96% 6 4%, n 5 3; Figure 1D) but also prevented
the desensitization response. Accordingly, nerve termi- responded to DHPG much like nerve terminals that had
been preexposed to this mGluR agonist (see Figure 1B).nals stimulated by DHPG within a 5 min interval showed
a facilitation of glutamate release (236% 6 7%, n 5 3; This suggests that the desensitization of the facilitatory
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Figure 2. Dual Effect of DHPG on the EPSC
Amplitude in Hippocampal Slices
(A) In slices treated in a conventional way,
the amplitude of EPSC was reversibly de-
pressed by a bath application of DHPG (100
mM). Records on the top are the average of
five consecutive responses from a represen-
tative cell.
(B) When the slices were incubated with
MCPG (1.5 mM; 1±1.5 hr), DHPG induced a
transient increase in the EPSC amplitude,
which was followed by an inhibition. Bars in
the time course plots represent the mean 6
SEM from five cells of five consecutive aver-
aged responses (A) and three neurons (B).
Experiments were done at room temperature
(218C±228C).
effect may already have occurred in the slice. To test consistent with that required for hippocampal nerve ter-
minals to recover from desensitization and to recoverthis possibility, hippocampal slices were preincubated
with the mGluR antagonist MCPG to prevent any tonic the facilitatory activity of the receptors (compare with
Figure 1).activation of mGluRs by endogenous glutamate. In
MCPG-treated slices, DHPG potentiated the EPSC am-
plitude by 30% (129.8% 6 6.1% of the control, n 5 9 Tonically Increased [Glu]o Causes the Switch
from Facilitation to Inhibitionfrom 9 different slices; p , 0.05, Student's t test; Figure
2B). However, this potentiation was transient and was A likely explanation for the lack of facilitatory responses
in synaptic transmission in untreated hippocampal slicesfollowed by a decay of the EPSC amplitude until it
reached a constant value (36.7% 6 4.5% of the control is that the PI-coupled mGluRs were tonically activated
by the ambient concentration of glutamate. To furthervalue, n 5 9; Figure 2B). Figure 3A shows another set
of experiments in which the addition of DHPG to MCPG- test this possibility, we exposed nerve terminals to ele-
vated ambient concentrations of glutamate. This wastreated slices consistently resulted in a transient facilita-
tory response. In these same neurons, after a 2 min achieved by attenuating the electrical component of the
Na1-electrochemical gradient used by glutamate trans-period of agonist washing, a second addition of DHPG
did not facilitate transmission but rather decreased it, porters by slightly increasing the concentration of K1
(Kanner, 1983). At basal KCl concentration, hippocam-indicating that the facilitatory action of receptor stimula-
tion had not been recovered. The recovery of the facilita- pal nerve terminals maintained a [Glu]o of 1.0 6 0.3
mM (n 5 10; Figure 4A). Under these conditions, DHPGtory response required the further incubation with
MCPG of at least 30 min (Figure 3B), a time remarkably facilitated glutamate release to 250% 6 16% (n 5 5),
Figure 3. Desensitization of the Facilitatory
Action of DHPG on Synaptic Responses by
a Previous Application of the Agonist
(A) DHPG was reapplied in slices after its fa-
cilitatory action was demonstrated. Cells re-
sponded to the second application with a re-
duction of the EPSC amplitude.
(B) Desensitization of the facilitatory action
of DHPG could be restored by a short incuba-
tion with the antagonist MCPG. In these ex-
periments, after the demonstration of the in-
hibitory action of a first application of DHPG,
MCPG was introduced in the recording cham-
ber, and 30 min later, the reapplication of
DHPG facilitated rather than inhibited the
synaptic response. Data in (A) are mean 6
SEM from two neurons. (B) corresponds to
a representative experiment, and equivalent
results were observed in two additional cells
subjected to a similar protocol. Experiments
were done at room temperature (21±228C).
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Figure 4. Increased Background Concentra-
tion of Glutamate Desensitizes DHPG-Induced
Facilitation of Glutamate Release
Synaptosomes were incubated for 10 min in
the absence ([A], basal) and presence of 13
mM KCl, either without (B) or with (C) the
addition of 2 mM MCPG. After this time, a
set of samples was taken to determine the
background concentration of glutamate. The
values are represented by bars at the top of
each panel as the mean 6 SD of 9±15 deter-
minations. Another set of samples of nerve
terminals was used to estimate glutamate re-
lease modulation. Release facilitation was
measured with DHPG (100 mM) added 5 sec
prior to depolarization of the nerve terminals
with 50 mM 4-AP. Release inhibition by DHPG
(100 mM) was estimated in nerve terminals
depolarized with 1 mM 4-AP. The results are
means from three preparations of nerve ter-
minals. At a recording temperature of 318C,
the synaptic responses were always in-
creased by DHPG and subsequently inhibited
(D). At 318C, the preincubation with MCPG
had no additional effect on DHPG-induced
modulation of synaptic transmission (E). Bars
represent the mean 6 SEM of data obtained
from four experiments.
and no inhibition was observed (99% 6 13%, n 5 3; DHPG-Induced Modulation of Synaptic
Transmission Is a Presynaptic PhenomenonFigure 4A). Raising the concentration of KCl to 13 mM
increased [Glu]o to 3.5 6 0.6 mM (n 5 15; Figure 4B). Since the group I mGluRs have been identified in post-
synaptic structures (Baude et al., 1993; LujaÂ n et al.,Under these conditions, DHPG failed to facilitate gluta-
mate release (98% 6 19%, n 5 3; Figure 4B) and reduced 1996), it is possible that the modulation of synaptic
transmission in slices might be mediated through thethe evoked release of glutamate to 65.4% 6 2.8% of
control (n 5 3; Figure 4B). In this same experiment, modulation of postsynaptic receptors (Aniksztejn et al.,
1991; Fitzjohn et al., 1996) rather than by affecting gluta-the preincubation of synaptic terminals with the mGluR
antagonist MCPG (2 mM) prior to receptor stimulation mate release. To determine whether the effects of DHPG
involved pre- or postsynaptic mechanisms, we calcu-did not alter the increase in [Glu]o induced by KCl (3.6 6
0.5 mM, n 5 9; Figure 4C) but totally prevented the lated the plot of the change in the mean EPSC amplitude
(M) versus the change in the statistic 1/CV2 (i.e., thereceptor inhibition of glutamate release (Figure 4C). A
further indication of the desensitizing action of ambient inverse of the squared coefficient of variation), which
denotes the variance of the evoked response (Bekkersglutamate on mGluR activity was obtained when the
temperature of the recording chamber was raised to and Stevens, 1990; Malinow and Tsien, 1990). It is well
established that a change in M with no change in the318C, a situation in which the glutamate uptake activity is
expected to be facilitated. Under this more physiological variance of the synaptic response denotes that only the
quantal size has been modified and that it is a purelycondition and without preincubation with MCPG, DHPG
produced a facilitation of synaptic transmission fol- postsynaptic mechanism. In contrast, if a change in the
variance correlates with the change in M, it is indicativelowed by the typical inhibition in five out of seven cells
studied. In these five cells, the synaptic response was of the presynaptic modification of release parameters
(reviewed by Thomson and Deuchars, 1995). As can beincreased to 128.4% 6 1.3% of the control upon DHPG
inclusion (three slices; Figure 4D). In the seven cells seen in Figure 5B, the variation in mean EPSC amplitude
observed during the exposure to DHPG (both the initialobserved, the response decreased over time, reaching
a value of 34.7% 6 7.9% of the control (Figure 4D). These increase and the subsequent decrease) was paralleled
in most cases by an equivalent change in 1/CV2, indicat-results further indicate that at 318C, the extracellular
concentration of glutamate is more efficiently controlled ing a presynaptic locus for the observed modulation of
synaptic transmission.by the uptake systems (e.g., Asztely et al., 1997), pre-
venting receptor desensitization. Indeed, at this temper- To further verify whether the modulation of synaptic
transmission induced by the activation of mGluRs hadature, the prevention of receptor activation by including
MCPG prior to DHPG did not notably alter this phe- a presynaptic origin, we studied the spontaneous re-
lease of glutamate, since the frequency of miniaturenomenon, since the synaptic response initially rose to
124.2% 6 9.9% and then decayed to 39% 6 14% of EPSC (mEPSC) is an accurate indicator of whether the
release probability is changed by a given treatment. TTXthe control (n 5 4; Figure 4E).
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Figure 5. The DHPG-Induced Modulation of
Synaptic Transmission Is a Presynaptic Phe-
nomenon
(A and B) Effect of DHPG on the trial-to-trial
fluctuation of EPSCs. Mean EPSC amplitudes
and their CV were measured during DHPG
application and normalized by the respective
control values in each cell. M versus the frac-
tional variation in 1/CV2 in all of the neurons
studied is plotted. Open circles correspond
to those experiments in which slices (n 5 9)
were not preincubated with the antagonist
MCPG. In those slices preincubated with
MCPG (n 5 8), the analysis was carried out
with responses recorded during the initial
phase of facilitation (mean time, 2 min; black
circles and squares) and after the depression
of the synaptic response (8±10 min, shaded
circles and squares). The respective values
for each cell are connected by a dotted line.
Circles represent experiments carried out at
room temperature (218C±228C). Squares cor-
respond to experiments done at 318C. Note
that in most cases, experimental data follow
the predicted relation for a purely presynaptic (diagonal line) rather than postsynaptic (horizontal line) site of action.
(C) A typical experiment showing the effect of DHPG on mEPSCs recorded at 318C.
(D) Effect of DHPG on the frequency and amplitude of mEPSCs as average of four cells. The frequency and amplitude of mEPSCs were
calculated in 30 sec periods. For the purpose of calculation of the average increase in frequency at 2 min of DHPG, the cell whose raw data
is shown on (C) was not computed because of the extremely large frequency variation (377%).
at 0.5 mM was present throughout the experiment to prevent either facilitation (129.4% 6 6.7% of control,
n 5 4) or inhibition (61% 6 12.8%) of glutamate releaseinhibit action potential generation. Figures 5C and 5D
show that DHPG increased (131.2% 6 5.5% of the con- induced by DHPG. Inhibition of PKC by calphostin C
(1 mM, 1±2 hr incubation) not only abolished facilitationtrol, n 5 3) initially and then reduced (59.4% 6 5.3%,
n 5 4) the frequency but not the amplitude of mEPSCs but induced an even larger attenuation of DHPG-induced
inhibition (68.8% 6 3.4% of the control response re-(Figure 5D). In one cell out of the four cells studied,
the inclusion of DHPG initially increased the frequency mained, n 5 5; Figure 6B). These results indicate that
the DHPG-induced facilitation of glutamate release is3-fold (Figure 5C). Since this was unusual, this cell was
not considered when calculating the average. Remark- totally dependent on a PTx-sensitive G protein coupled
to PI hydrolysis and that the subsequent activation ofably, the magnitude of DHPG-induced changes in minia-
ture frequency agreed well with the extent of facilitation PKC is required. Moreover, the inhibitory phase was
also largely dependent on this signaling pathway, as wasand inhibition of evoked EPSCs induced by DHPG (cf.
Figure 2B). demonstrated by the normal development of DHPG-
induced inhibition (70.5% 6 4% of inhibition, n 5 4;
Figure 6Ab) in slices treated with PTx following a briefThe Role of PKC Activation
In synaptosomes, the hydrolysis of PI and PKC activity activation of PKC by a short application of a phorbol
ester (PDBu; 0.5 mM; Figure 6Ab). This result stronglyhas been previously demonstrated to be involved in the
modulation of glutamate release induced by DHPG. To indicates that PKC activation is also required for estab-
lishing the final degree of inhibition. In contrast, thegain insight into the mechanisms involved in facilitation
and inhibition of synaptic glutamate release, we first protein kinase A (PKA) signaling system seems to be
not involved in the DHPG-mediated modulation of gluta-looked at evoked EPSCs after poisoning the hippocam-
pal slices with Pertussis toxin (PTx; 5 mg/ml, 5 hr at mate release, since the inhibition of PKA by the addition
of H-89 (0.5 mM, 1±2 hr incubation) did not prevent either378C). Under these conditions, the addition of DHPG
after MCPG directly reduced the EPSC amplitude, with- facilitation (126.1% 6 4.5%, n 5 4 neurons from 2 slices)
or inhibition (50.4% 6 6.6%) (data not shown).out any evidence of the early increase observed in un-
treated slices (Figure 6Aa). In addition, the degree of
reduction was significantly attenuated, as the response Group III mGluRs Do Not Undergo
a Functional Switchwas 59.8% 6 6.2% (n 5 7) of control (i.e., 40% inhibition)
in PTx-treated slices, whereas it was 34.7% 6 7.9% of Pharmacological and immunocytochemical studies have
demonstrated the presence of group III mGluRs incontrol in untreated slices (i.e., z65% inhibition; p ,
0.05, Student's t test). Similar results were obtained by Schaffer collateral CA1 synapses, where they serve as
autoreceptors to depress synaptic transmission by re-inhibiting phospholipase C (PLC) (53% 6 2.2% of con-
trol, n 5 4; p , 0.1) with the specific antagonist U-73122 ducing glutamate release (Gereau and Conn, 1995;
Bradley et al., 1996). To determine whether or not group(20 mM, 1±2 hr incubation; Figure 6B). The specificity of
this effect was further evaluated by using the inactive III mGluRs undergo the functional modulations observed
for group I mGluRs, we studied the effects of the groupanalog U-73343 (20 mM, 2 hr incubation), which did not
Neuron
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Figure 6. Signaling Mechanisms Involved in
Facilitation and Inhibition of Glutamate Re-
lease
(A) A representative experiment in which the
DHPG-induced facilitation of evoked EPSCs
(black circles) was abolished when the slice
was treated with PTx (5 mg/ml, 3±5 hr, 378C)
(shaded circles) while the inhibitory phase
was attenuated (a). In a different PTx-treated
slice, a pulse of PDBu (0.5 mM, 30±60 sec) only
restored the DHPG-induced inhibition (b).
(B) The average results of several experi-
ments in which DHPG (100 mM) was intro-
duced after the slices were treated with the
indicated compounds. Facilitation was mea-
sured 2 min after DHPG, while the inhibition was evaluated when a steady state amplitude of the synaptic response was attained (at least 20
consecutive responses). The degree of facilitation is represented upward, while the degree of inhibition is downward as the mean 6 SEM of
values obtained from a minimum of four cells in at least two different slices. The data point indicates the average degree of potentiation
induced by the PDBu pulse. MCPG was used at 1 mM, and all of the experiments were carried out at 318C. Statistical differences were
evaluated by variance analysis and the Student's t test.
III mGluR agonist L-AP4 under a stimulation protocol These data indicate that group III mGluRs do not un-
dergo any activity-induced change in their functional role.similar to that used to reveal DHPG-mediated desensiti-
zation of the facilitatory response. The addition of 100
mM L-AP4 to hippocampal nerve terminals inhibited the
Discussionglutamate release evoked by a maximal depolarization
with 4-AP to 64.45% 6 20% (n 5 3) of control values
By combining biochemical and electrophysiological stud-(Figure 7A). L-AP4 induced a concentration-dependent
ies in hippocampal nerve terminals and slices, this paperinhibition with an IC50 value of 190 mM (data not shown),
demonstrates the existence of a dual role for group Iindicating that these group III mGluRs exhibit low affinity
mGluRs in the modulation of synaptic glutamate release.for L-AP4 as previously shown (Gereau and Conn, 1995).
The activation of PI-linked mGluRs potentiates gluta-Like the group I mGluRs, the inhibition of glutamate
mate release via their coupling to a pathway that showsrelease induced by the activation of group III mGluRs
full desensitization within about 5 min and completedid not desensitize, since a second exposure with L-AP4
recovery after about 30 min. During the period in which5 min and 30 min after the first stimulation evoked the
the facilitatory response is desensitized, the receptorsame effect as the first pulse, reducing the release to
becomes coupled to another response pathway, which64.2 6 10.2 (n 5 3) and 60.6 6 17.7 (n 5 3), respectively
in turn results in the inhibition of glutamate release. This(Figures 7B and 7C). In parallel experiments to those of
activity-dependent switch is observed in hippocampalFigure 7, L-AP4 failed to potentiate the release evoked
slices, in which the introduction of DHPG causes first aby a submaximal concentration of 4-AP (data not shown).
facilitation of synaptic transmission and then a de-
pression.
The finding that at room temperature, this switch in
the modulation of synaptic transmission is only ob-
served when the slices are preincubated with the mGluR
antagonist MCPG, strongly indicates that the ambient
concentration of glutamate, increased as an inherent
consequence of the slice preparation, induces the de-
sensitization of the facilitatory response, switching the
receptor function to inhibition. If this interpretation is
correct, slightly elevated concentrations of glutamate in
the incubation medium should prevent the facilitated
release in response to DHPG. In hippocampal nerve
terminals, a small increase in [Glu]o from 1 to 3.5 mM
completely abolished the facilitation of glutamate re-
lease induced by the activation of group I mGluR. Al-
though the [Glu]o in the slice is not known, extracellularFigure 7. L-AP4 Inhibition of Glutamate Release Does Not Desen-
sitize glutamate concentrations slightly greater than the in
vivo situation (roughly 3 mM; Lerma et al., 1986) wouldThe modulation of glutamate release by group III mGluRs was deter-
mined following a first addition of L-AP4 (100 mM; t 5 0 min) (A); it be predicted. Such a concentration is enough to de-
was also determined in synaptosomes preexposed to L-AP4 (100 sensitize group I mGluRs and to cause their switch in
mM) for 1 min and then challenged after washing with a second function (Figure 4). Further support of this conclusion
pulse 5 (B) and 30 (C) min after the first one. Glutamate release was
was obtained when the recording temperature was in-induced by depolarization of nerve terminals with 1 mM 4-AP in the
creased to 318C. It has been described that at higherpresence of L-AP4 added 5 sec prior to depolarization. The results
are the average of three preparations of nerve terminals. temperatures, the glutamate uptake systems are more
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Figure 8. A Hypothetical Model for mGluR-
Mediated G Protein Switch in Function for the
Modulation of Glutamate Release and Synap-
tic Transmission
The activation of PI hydrolysis±coupled
mGluR stimulates PKC activity, which results
in a facilitation of glutamate release probably
by phosphorylation of both K1 (Peretz et al.,
1996) and Ca21 (e.g., Swartz, 1993) channels.
As PKC phosphorylates the mGluR, it be-
comes uncoupled from the PTx-sensitive G
protein, reducing the facilitatory response.
Such a phenomenon is formally equivalent to,
as it has been previously called, phosphoryla-
tion-triggered desensitization. The phosphorylated receptor would, then, become coupled to a PTx-resistant G protein whose activation
conveys the inhibition of glutamate release, probably by the membrane-delimited block of Ca21 channels (crooked arrow). Crosses indicate
which pathways are expected to be blocked by the drugs used in this study. The dotted line indicates the likely PKC-dependent disruption
of G protein inhibition of Ca21 channels (e.g., Swartz, 1993; reviewed by Zamponi and Snutch, 1998). Note that for this model to operate, the
protein phosphatase (PP) that dephosphorylates mGluRs (PP1/2-A; SaÂ nchez-Prieto and Sistiaga, 1998, Soc. Neurosci., abstract) should be
slower than those regulating Ca21 and K1 channel dephosphorylation. We have recently obtained experimental evidence of this fact (A. S.
and J. S.-P., unpublished data).
efficient in limiting both the spread and concentration glutamate as a consequence of PKC-mediated phos-
phorylation at multiples sites (Gereau and Heinemann,of extracellular glutamate (Asztely et al., 1997). From
these results, it could be concluded that under physio- 1998). Similarly, it has been found that PKC also phos-
phorylates the other group I member, mGluR1 (Alaluf etlogical conditions, the facilitatory response mediated by
mGluRs would not be desensitized prior to activation, al., 1995). The cartoon in Figure 8 shows the hypothetical
mechanisms that we propose to explain the change inas indicated by the fact that preincubation with the an-
tagonist MCPG did not further increase the initial re- the receptor function. In this scheme, the stimulation of
PKC results not only in the phosphorylation of the mGlusponse. This finding clearly indicates that the facilitatory
response should be desensitized in standard experi- receptor but also in the phosphorylation of K1 and Ca21
channels, leading to the enhancement of glutamate re-ments (i.e., room temperature) and that the response
to the group I mGluRs agonists would be exclusively lease. As the mGluR becomes phosphorylated, the pro-
duction of DAG decreases (Herrero et al., 1994), withexpected to lead to the inhibition of synaptic transmis-
sion, as repeatedly reported (Baskys and Malenka, 1991; the consequent fading of the facilitatory response i.e.,
desensitization. It should be pointed out that desensiti-Gereau and Conn, 1995; Manzoni and Bockaert., 1995).
With the exception of PI-coupled mGluRs, mGluRs do zation does not mean the loss of receptor respon-
siveness but rather the loss of its ability to induce anot desensitize after prolonged or repetitive exposure to
agonist. In a number of brain preparations, the re- particular response. The facilitatory phase is thus re-
placed by a profound inhibition of glutamate release.sponses of PI-coupled mGluRs may be desensitized upon
receptor activation (Catania et al., 1991; Aronica et al., Since this inhibition is due to a drastic reduction of
Ca21 influx into the nerve terminals by a mechanism not1993; Herrero et al., 1994, 1998). This feedback inhibition
is believed to play an important role in the control of involving diffusible messengers (Herrero et al., 1998), a
direct block of Ca21 channels by G proteins would ac-their biological response. Although the mechanisms are
not well understood, the desensitization of metabotropic count for this result (Hille, 1992; Zamponi and Snutch,
1998). This implies that the receptor uncouples fromreceptors seems to involve protein kinase±dependent
phosphorylation, which results in the uncoupling of the one signaling pathway (i.e., facilitatory) and becomes
coupled to another (i.e., inhibitory). It is important toreceptor from the response pathway (reviewed by Hu-
ganir and Greengard, 1990). In nerve terminals from the note that at the present time, the existence of two sepa-
rate mGlu receptors mediating each effect could notcerebral cortex, stimulation of group I mGluRs generates
DAG and facilitates glutamate release in a PKC-depen- be totally excluded. However, a similar mechanism has
been proposed for b2-adrenergic receptors, which upondent manner (Herrero et al., 1994, 1998). However, under
the continuous presence of the agonist, the DAG pro- PKA-dependent phosphorylation, switch the coupling
from GS to Gi proteins, initiating a new set of signalingduction faded within 2±3 min. This phenomenon is mim-
icked by phorbol esters and prevented by staurosporine, events (Daaka et al., 1997).
It is worth noting that following this scheme, theindicating that the desensitization of this response is
mediated by PKC (Herrero et al., 1994, 1998). Consistent mGluR needs to be phosphorylated by PKC to become
coupled to the inhibitory pathway. This means that thewith these biochemical data, our experiments indicate
that the facilitation of synaptic transmission induced DHPG-induced inhibition of glutamate release must be
dependent on PKC activation. Consequently, the inhibi-by group I mGluR stimulation is dependent upon the
activation of PLC by a PTx-sensitive G protein and its tion of PKC must block not only DHPG-induced facilita-
tion but also inhibition. In slices treated with the specificsubsequent action on PKC. Hypothetically, phosphory-
lation of the receptor by PKC could induce the desensiti- PKC inhibitor calphostin C, facilitation was abolished,
and the inhibition was largely prevented (z30% of inhibi-zation. In keeping with this assumption, a recent study
has shown that recombinant mGluR5 receptors desensi- tion remained). The lack of complete suppression of
the inhibitory phase may be explained in multiple ways,tize in response to a rather brief (1 min) exposure to
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including the incomplete block of PKC by 1 mM calphos- to inhibit further glutamate release. The latter effect may
be particularly important in preventing an excessive ac-tin C or the existence of a small population of mGluRs
that were in a steady state phosphorylation (i.e., a frac- cumulation of extracellular glutamate as a result of re-
petitive activity. Thus, the functional properties of thetion of receptors that would be permanently coupled to
the inhibitory pathway), which in conjunction with the mGluR illustrated by the present data allow neurons to
adjust their synaptic release to the contingencies ofloss of PKC-mediated phosphorylation of Ca21 channels
would favor the inhibition of glutamate release. Further the extracellular level of glutamate, providing a double
feedback mechanism of control (up- and downregula-evidence supporting this mechanism is that the brief
activation of PKC in PTx-treated slices totally restored tion) of the excitatory synaptic drive.
the capacity of DHPG to inhibit glutamate release (Fig-
ure 6). Experimental Procedures
In several preparations, including the CA1 area from
Nerve Terminal Preparationhippocampal slices, group I mGluRs have been shown
Hippocampi from male Wistar rats (21- to 22-day-old) were isolatedto potentiate excitatory synaptic transmission through a
and homogenized in medium containing 320 mM sucrose, 0.5 mM
postsynaptic action that selectively increases the NMDA EDTA, and 5 mM TES (pH 7.4). The homogenate was spun for 5 min
receptor±mediated component (Aniksztejn et al., 1991; at 900 g at 48C, and the supernatants were spun again for 10 min at
Fitzjohn et al., 1996). However, data presented in this 17,000 g. From the pellets thus formed, the white loosely compacted
layer containing the majority of synaptosomes was gently resus-paper are inconsistent with such a postsynaptic involve-
pended in a medium with 250 mM sucrose and 5 mM TES (pH 7.4)ment of mGluRs in the potentiation of excitatory trans-
(5 ml/6 hippocampi), and the protein concentration was determinedmission. First, the analysis of the relationship between
by the Biuret method. Pellets containing 1 mg of protein were stored
the coefficient of variation (CV) and the amplitude of the on ice. Synaptosomes remained fully viable when stored as pellets
response (M) for the effects of DHPG on EPSCs followed for at least 6 hr after preparation, as judged by the extent of 4-AP-
the predicted relation for a presynaptic rather than a evoked glutamate release.
postsynaptic action. Second, the dual effect of DHPG
Glutamate Release Determinationin synaptic transmission paralleled that observed in glu-
Glutamate release was assayed by online fluorimetry as describedtamate release from hippocampal nerve terminals, a model
previously (Nicholls et al., 1987). Synaptosomal pellets were resus-that minimizes postsynaptic responses. Finally, minia-
pended in an incubation medium containing 122 mM NaCl, 3.1 mMture analysis demonstrated that the frequency but not KCl, 0.4 mM KH2PO4, 5 mM NaHC03, 1.2 mM MgSO4, 10 mM glucose,
the amplitude was up- and downregulated upon DHPG and 20 mM TES (pH 7.4) and preincubated at 378C for 1 hr in the
perfusion. Interestingly, the magnitude of DHPG-induced presence of 16 mM bovine serum albumin (BSA) to bind any free
fatty acids released from synaptosomes during the preincubationchanges in mEPSC frequency paralleled in magnitude
(Herrero et al., 1991). After preincubation, the synaptosomes werethe changes observed for evoked EPSC, which rules out
pelleted and resuspended in fresh incubation medium both withthe possibility that additional mechanisms are involved.
and without BSA, depending on whether release inhibition or facilita-The exact identity of the presynaptic mGluR undergo- tion was under investigation. A 1 ml aliquot was transferred to a
ing the desensitization-dependent switch in function is stirred cuvette containing 1 mM nicotinamide adenine dinucleotide
not known. Immunocytochemical studies have largely phosphate, 50 U glutamate dehydrogenase, and 1.33 mM CaCl2 or
nominal free Ca21 (z200 nM). The fluorescence of reduced nicotin-failed to detect mGluR1 and mGluR5 presynaptically in
amide adenine dinucleotide phosphate was followed in a Perkinthe CA1 area of the hippocampus (Baude et al., 1993;
Elmer LS-50 luminescence spectrometer at excitation and emissionLujaÂ n et al., 1996; Shigemoto et al., 1997), although
wavelengths of 340 and 460 nm, respectively. Traces were cali-mGluR5 was located presynaptically in one study (Ro- brated by the addition of 2 nmol of glutamate at the end of each
mano et al., 1995). One possibility is that the mGluR assay. Data points were obtained at 2 sec intervals and corrected
involved in this phenomena is a variant that does not for Ca21-independent release. Thus, the Ca21-dependent release
was calculated by subtracting the release obtained during 5 min atcorrespond to either the cloned mGluR1 or mGluR5. It
free [Ca21] from the release obtained at 1.33 mM CaCl2.is also possible that the immunodetection techniques
used to visualize the perisynaptic receptors at the post-
Slice Preparationsynaptic membranes lack the sensitivity to detect a
Hippocampal slices were prepared according to standard proce-lower level of expression at the presynaptic site. Thus,
dures from 14- to 16- or 21- to 22-day-old Wistar rats. No variation
as with post-embedding immunogold techniques, only in the results was observed with the age of the animal. Thus, data
a fraction of the receptors would be identified (Otter- from young and older rats were pooled for analysis. Briefly, after
sen and Landsend, 1997). Whatever the reason, these decapitation, the brain was immersed in ice-cold solution containing
(in mM): 124 NaCl, 2.69 KCl, 1.25 KH2PO4, 2 MgSO4, 2 CaCl2, 26DHPG-sensitive receptors have been proven to exert
NaHC03, and 10 glucose (300 mOsm). The whole brain containingprofound effects on glutamate release and synaptic
both hippocampi was cut with a vibrotome to obtain 325 mm thicktransmission in the CA1 area of the hippocampus.
transversal brain slices. The slices were transferred to an incubation
The physiological implications of presynaptic PI-cou- chamber containing the same solution continuously oxygenated
pled mGluRs are yet to be determined, but the data in (95% O2/5% CO2 [pH 7.4]) and then maintained for at least 1 hr at
this paper indicate that these receptors represent an room temperature before use. In PTx experiments, the slices were
incubated with the toxin for 3±5 hr at 378C before recording. In theseefficient sensor of extracellular glutamate. Thus, the re-
experiments, control slices were similarly incubated but withoutceptors are able to accommodate glutamate release to
adding the toxin. For recording, slices were transferred to a re-changes in the ambient glutamate concentration through a
cording chamber mounted on the headstage of an upright micro-dual feedback mechanism. At low [Glu]o, these receptors scope (Axioskop, Zeiss) held fixed by a nylon grid and perfused at
will promote the enhancement of the glutamate release, a rate of 3±4 ml/min with the same solution to which 25 mM bicucul-
while the activity-dependent increase in [Glu]o will de- line was routinely added. Some slices were incubated with a solution
containing MCPG (1±1.5 mM) for 1±1.5 hr before being transferred tosensitize this facilitatory function, leading the receptor
Switch in mGluR Function
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the recording chamber. Slices were visualized by infrared differential Baskys, A., and Malenka, R.C. (1991). Agonists of metabotropic
glutamate receptors presynaptically inhibit EPSCs in neonatal ratinterference contrast microscopy (Stuart et al., 1993) through a 403
hippocampus. J. Physiol. (Lond) 444, 687±701.water immersion objective. The experiments were carried out either
at room temperature (218C±228C) or at 318C 6 18C, measured at Baude, A., Nusser, Z., Roberts, J.D.B., Mulvihill, E., Mcilhinney,
the recording chamber. Drugs were applied by gravity, switching R.A.J., and Somogyi, P. (1993). The metabotropic glutamate recep-
between four perfusion lines. tor (mGluR1a) is concentrated at perisynaptic membrane of neuronal
To evoke EPSCs, electric pulses were applied through a theta subpopulations as detected by immunogold reaction. Neuron 11,
pipette placed in the stratum radiatum within 50±150 mm from the 771±787.
recording site. Tight seal (.1GV) whole-cells recordings were ob- Bekkers, J.M., and Stevens, C.F. (1990). Presynaptic mechanism for
tained from the cell body of neurons in the CA1 pyramidal layer. long-term potentiation in the hippocampus. Nature 346, 724±729.
Patch electrodes were fabricated from borosilicate glass and had
Bradley, S.R., Levey, A.I., Hersch, S.M., and Conn, P.J. (1996). Immu-a resistance of 5±10 MV when filled with (in mM): 120 CsCl, 20 QX-
nocytochemical localization of group III metabotropic glutamate re-314, 8 NaCl, 1 MgCl2, 0.2 CaCl2, 10 HEPES, and 2 EGTA (pH 7.3) ceptors in the hippocampus with subtype specific antibodies. J.
(287 mOsm). Neurons were voltage clamped with an Axopatch 200A
Neurosci. 16, 2044±2056.
amplifier (Axon Instruments). Access resistance (8±30 MV) was reg-
Catania, M.V., Aronica, E., Sortino, M.A., Canonico, P.L., and Nico-ularly monitored during recordings, and cells were rejected if it
letti, F. (1991). Desensitization of metabotropic glutamate receptorschanged more than 15% during the experiment. Data were filtered at
in neuronal cultures. J. Neurochem. 56, 1329±1335.2 kHz, digitized, and stored on a computer using pCLAMP software
Conn, P.J., and Pin, J.-P. (1997). Pharmacology and functions of(Axon Instruments).
metabotropic glutamate receptors. Annu. Rev. Pharmacol. Toxicol.mEPSC were obtained exclusively at 318C and in the presence of
37, 205±237.TTX (0.5 mM) and 10 mM glycine added to a medium in which Mg21
was omitted. Consequently, both NMDA- and AMPA-mediated post- Daaka, Y., Luttrell, L.M., and Lefkowitz, R.J. (1997). Switching of the
synaptic responses were visualized. mEPSCs were analyzed after coupling of the beta2-adrenergic receptor to different G proteins
their detection with a computer program that calculates the first by protein kinase A. Nature 390, 88±91.
derivative of the current record, computing only those events that Fitzjohn, S.M., Irving, A.J., Palmer, M.J., Harvey, J., Lodge, D., and
exceeded an arbitrary threshold. The frequency of mEPSC was cal- Collingridge, G.I. (1996). Activation of group I mGluRs potentiates
culated from either the cumulative interval distributions or by count- NMDA responses in rat hippocampal slices. Neurosci. Lett. 203,
ing the number of events in 30 sec periods. The noise-free CV 211±213.
of excitatory postsynaptic currents was calculated as previously
Gereau, R.W., and Conn, P.J. (1995). Multiple presynaptic metabo-
described (RodrõÂguez-Moreno et al., 1997). Plots comparing M to tropic glutamate receptors modulate excitatory and inhibitory syn-
the change in 1/CV2 were constructed as described in Bekkers and aptic transmission in hippocampal area CA1. J. Neurosci. 15, 6879±
Stevens (1990) and Malinow and Tsien (1990) (see Siegelbaum and 6889.
Kandel, 1991 for a comprehensive explanation). For this method to
Gereau, R.W., and Heinemann, S.F. (1998). Role of protein kinase Cbe applicable, the EPSC amplitude distribution must be described
phosphorylation in rapid desensitization of metabotropic glutamateby a binomial. This means that the synaptic variance reflects the
receptor 5. Neuron 20, 143±151.probable release of transmitter i.e., there is quantal variance. We
Hayashi, Y., Sekiyama, N., Nakanishi, S., Jane, D.E., Sunter, D.C.,could not directly test whether our data fit to a compound binomial
Birse, E.F., Udvarhelyi, P.M., and Watkins, J.C. (1994). Analysis ofdistribution, but synaptic fluctuations were evident in the cells stud-
agonist and antagonist activities of phenylglycine derivatives of dif-ied (see Figure 5). Thus, we assumed that synaptic release in our
ferent cloned metabotropic glutamate receptor subtypes. J. Neu-experimental situation did follow a binomial distribution. Statistic
rosci. 14, 3370±3377.analysis and data plotting were done with SigmaPlot (Jandel).
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